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RELAXATION BEHAVIOR OF 2 1 / 4  C r - 1  Mo STEEL UNDER MULTIPLE LOADING* 

R. W .  Swindeman and R.  L. Klueh 

ABSTRACT 

Mul t ip le - loading  r e l a x a t i o n  d a t a  f o r  annealed 2 1 / 4  C r -  
1 Mo s t ee l  are r e p o r t e d  f o r  t i m e s  t o  100 h r  and f o r  tempera- 
t u r e s  i n  t h e  range  450 t o  566°C. A t  450 and 482°C t h e  
r e l a x a t i o n  s t r e n g t h  rises w i t h  t h e  p l a s t i c  f low stress, and 
recovery  phenomena are n o t  ve ry  s i g n i f i c a n t  i n  t h e  t i m e  span  
of concern.  A t  510, 5 3 8 ,  and 566°C t h e  r e l a x a t i o n  behav io r  
du r ing  t h e  f i r s t  l oad ing  i s  unusual  i n  t h e  s e n s e  t h a t  f o r  a 
pe r iod  t h e  r e l a x a t i o n  ra te  i s  a lmost  independent  of stress. 
This  behavior  is  thought  t o  b e  a s s o c i a t e d  w i t h  a s t r a i n -  
induced ag ing  p rocess ,  which d e p l e t e s  t h e  p r o e u t e c t o i d  
f e r r i t e  of s o l i d - s o l u t i o n  s t r e n g t h e n e r s .  A t  510°C and 
above t h e  p l a s t i c  f low stress p a r t i a l l y  r ecove r s  du r ing  t h e  
r e l a x a t i o n  p rocess .  
s e n s e  t h a t  t h e  r e l a x a t i o n  rates a f t e r  t h e  f i r s t  l oad ing  
depend on t h e  c u r r e n t  v a l u e  of stress and n o t  on h i s t o r y .  
Mul t ip l e  l oad ing  tests a t  566°C on material i n  t h e  normalized- 
and-tempered c o n d i t i o n  show no unusual  behavior .  

A t  566°C t h e r e  i s  clear recovery  i n  t h e  

INTRODUCTION 

The low-alloy s teel  2 1 / 4  C r - 1  Mo is  used e x t e n s i v e l y  i n  t h e  steam 

power i n d u s t r y .  This  material i s  e s p e c i a l l y  s u i t e d  f o r  s t e a m  gene ra to r  

components, which expe r i ence  thermal  c y c l i n g  because ,  re la t ive t o  a u s t e n i -  

t i c  a l l o y s ,  i t  posses ses  a low thermal  expansion c o e f f i c i e n t ,  h igh  thermal  

c o n d u c t i v i t y ,  and good r e s i s t a n c e  t o  s t r e s s - c o r r o s i o n  c rack ing .  The 

development of mechanical  p r o p e r t i e s  d a t a  f o r  2 1 / 4  C r - 1  Mo s t ee l  can be  

fol lowed i n  a series of p u b l i c a t i o n s  produced by t h e  Metal P r o p e r t i e s  

Counci l .  1,2 

material f o r  t h e  s t e a m  g e n e r a t o r s  f o r  t h e  C l inch  River Breeder Reac tor  

(CRBR) h a s  produced an  expansion of r e s e a r c h  a c t i v i t i e s  concerned w i t h  

many a s p e c t s  of material  behavior .  The work r e p o r t e d  h e r e  i s  concerned 

wi th  t h e  r e l a x a t i o n  behavior  i n  t h e  tempera ture  range  400 t o  600°C f o r  

Recent ly ,  t h e  s e l e c t i o n  of  t h i s  a l l o y  as t h e  r e f e r e n c e  

*Work performed under DOE/RDD 189a No. OH048, High-Temperature S t ruc-  
t u r a l  Design Methods. 
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t i m e s  t o  s e v e r a l  hundred hours .  This  i n fo rma t ion  s e r v e s  t h r e e  purposes .  

F i r s t ,  i t  checks e x i s t i n g  hardening r u l e s ,  which form a n  impor tan t  

a s p e c t  of t h e  c o n s t i t u t i v e  r e l a t i o n s  needed f o r  i n e l a s t i c  a n a l y s i s  

of high-temperature  components. Second, i t  p rov ides  d a t a  t h a t  can 

be  used i n  t h e  development of more s o p h i s t i c a t e d  c o n s t i t u t i v e  r e l a t i o n s ,  

which embody both  hardening and recovery  concepts .  5,6 F i n a l l y ,  i t  

p rov ides  in fo rma t ion  about  t h e  s t a b i l i t y  of t h i s  a l l o y  w i t h  r e s p e c t  

t o  mechanical behavior .  This  r e p o r t  emphasizes t h e  t h i r d  purpose.  

That is ,  w e  examine r e l a x a t i o n  behavior  from a m e t a l l u r g i c a l  viewpoint  

and cons ide r  t h e  i m p l i c a t i o n s  r e l a t i v e  t o  us ing  such d a t a  t o  develop 

mechanical models. 

The s p e c i f i c  material used i n  t h i s  work h a s  been s t u d i e d  by o t h e r s .  

Klueh and co-workers6* have desc r ibed  t h e  t e n s i l e ,  c r e e p ,  and stress- 

r u p t u r e  behavior  f o r  tempera tures  t o  600"C, wh i l e  Brinkman and co- 

workers1'  9 l 1  have r e p o r t e d  on t h e  low- and high-cycle  f a t i g u e  

behavior  i n  t h e  range  20 t o  600°C. 

p e r t a i n i n g  t o  t h e  c y c l i c  hardening and s o f t e n i n g ,  a l s o  i n  t h e  range  

20 t o  600°C. 

J a s k e  e t  a1.l' have provided d a t a  

MATERIAL AND EXPERIMENTAL TECHNIQUES 

The material w a s  ob ta ined  from Babcock and Wilcox (Heat 20017) 

as; 25-mm (1-in. )  p l a t e ,  s ec t ioned  i n t o  p i e c e s  about 300 mm ( 1 2  i n . )  

squa re ,  and annealed as fo l lows:  hea ted  t o  a u s t e n i t i z i n g  tempera ture  

(927"C), h e l d  f o r  1 h r ,  and fu rnace  cooled t o  250°C i n  27 h r .  The 

r e s u l t i n g  m i c r o s t r u c t u r e  c o n s i s t e d  p r i m a r i l y  of p r o e u t e c t o i d  f e r r i t e  

wi.th about  5% p e a r l i t e  and about  1% b a i n i t e .  The f e r r i t e  g r a i n  s i z e  

w a s  i n  t h e  range  ASTM 5-6. 

t h e  r o l l i n g  d i r e c t i o n  and conformed t o  t h e  dimensions shown i n  F ig .  1. 

The composi t ion and t e n s i l e  p r o p e r t i e s  are provided i n  Tables  1 and 2 ,  

r e s p e c t i v e l y .  

Most tests were performed i n  an  e l e c t r o h y d r a u l i c  t e s t i n g  system 

Specimens w e r e  machined p a r a l l e l  t o  

u s ing  t h e  exper imenta l  s e t u p  shown schemat i ca l ly  i n  F ig .  2. The 

extensometer  w a s  a t t a c h e d  t o  grooves machined 50 mm a p a r t  i n  t h e  
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Fig. 1. Relaxation Specimen. 

Table 1. Chemical Composition of 25-mm Plate of 
Annealed 2 1/4 Cr-1 Mo Steel (Heat 20017) 

Chemical Composition, wt % 
Ana 1 y s i s 

C Mn Si Cr Mo Ni S P 

Vendor 0.11 0.55 0.29 2.13 0.90 0.014 0.011 
ORNL 0.135 0.57 0.37 2.2 0.92 0.16 0.016 0.012 

Table 2. Engineering Tensile Properties of Annealed 
2 1/4 Cr-1 Mo Steel, = 6.7 X 

Strength, MPa Elongation, % Temperature 
U1 t ima t e ("C) 0.2% Yield Tensile Uniform Total 

25 258 525 12.8 28.3 
371 227 514 9.5 20.1 
454 2 30 499 8.7 21.0 
5 10 224 459 8.9 23.6 
538 217 423 8.4 26.3 
566 20 8 374 7.7 25.9 
593 20 3 328 6.8 36.5 
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Fig. 2. Schematic of Experimental Setup for Relaxation Testing. 

shoulders of the test specimen. This practice resulted in an 

experimentally measured elastic gage length near 37 mm. In contrast, 

the plastic gage length was experimentally measured as 32 mm. The 

extension was sensed by a pair of linear voltage differential trans- 

:Eormers, whose output was averaged. The resolution and stability of 
ithe extensometer was better than strain. The heating system 

consisted of a 410-mm (16-in.) furnace, a 2 kVA power supply, and a 

two-action D.A.T. controller, which was capable of maintaining 
temperature within 22OC of the control point. 

Load was monitored by a double-bridge 44-kN (10,000-lb) load 

cell mounted in series with the specimen. One signal was supplied to 

a load-extension recorder and the other to a load-time recorder. Tests 

were performed in a closed loop mode. A command signal, proportional 
to strain, was fed to a servo-controller, which drove a 44-kN (10,000-lb) 
hydraulic ram such that the feedback signal from the extensometer 
matched the command signal. The system was capable of maintaining 

:strain within 22 X lo-' ,  but in a few instances, specifically in tests 

at 450 and 482"C, instabilities in the command signal resulted in a 



temporary change in the strain control point. 

in strain as great as Several longer time tests were performed 

in an electro-pneumatic system, again in a servo-controlled mode. The 

test setup and precision were similar to those of the electrohydraulic 

system described above. 

This produced jumps 

DATA ANALYSIS METHODS 

There are several methods for plotting or representing relaxation 

behavior. l 3  

variable, while the dependent variable can be stress (a ) ,  fractional 
stress ((J/Oo), stress rate (;), or any of several other indices, which 

can be considered in either their linear or logarithmic forms. We 

choose to represent our data by three types of plots. First, we 

develop an isochronous relaxation curve, similar to that developed 

from hold-time fatigue data' 4 y  l 5  and analogous to that developed 
from constant-load creep data. l 6  '17 

against the applied strain for specific times, The advantage of such 

a plot is that it enables the veiwer to see the effects of the inelastic 

strain level on the relaxation strength. Second, we plot stress vs log 

time, and third, we plot stress vs inelastic strain rate. The inelastic 

strain rate data are determined by smoothing the stress vs log time 

plot, reading the time ( A t )  required for a stress decrease (Ao) of 

3.45 MPa (500 psi), and converting this to an inelastic strain rate 
( E )  with the known elastic modulus (M). Thus: 

Usually, time o r  log time is taken as the independent 

This is a plot of the stress 

E = -Aa/M A t  , 

where the elastic modulus data are taken from ASME Boiler and Pressure 

Vessel Code Case 1592. For comparison, stress vs constant-load minimum 

creep rate curves are constructed for 450, 482, 510, 538, and 566°C 
by smoothing, interpolating, or extrapolating creep data for the same 

mat eri a1 . 
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RESULTS 

The i sochronous  r e l a x a t i o n  s t r e n g t h  cu rve  c o n s t r u c t e d  from tests 

on a s i n g l e  specimen a t  450°C i s  shown i n  F ig .  3 ( a ) .  

r e p r e s e n t s  p l a s t i c  f low dur ing  load ing  p e r i o d s ,  and t h e  p o i n t s  l a b e l e d  

It, 2 ,  and 3 r e p r e s e n t  t h r e e  r e l a x a t i o n  runs  performed i n  t h e  same o r d e r .  

The dashed l i n e s  r e p r e s e n t  t h e  s t r e n g t h  cu rves  a t  10 and 100 h r .  To 

a f i r s t  approximation,  t h e  r e l a x a t i o n  s t r e n g t h  cu rves  are p a r a l l e l  t o  

t h e  p l a s t i c  f low curve .  It  a l s o  appea r s  t h a t  r e l a x a t i o n  h a s  no s i g n i -  

f i c a n t  i n f l u e n c e  on t h e  subsequent  f low stress. Re laxa t ion  cu rves  are 

shown i n  F ig .  4 ( a ) ,  p l o t t e d  as stress vs l o g  t i m e .  Comparison of r u n  1, 

which starts nea r  234 MPa, w i t h  r u n  2 ,  which starts n e a r  265 MPa, 

reveals t h a t  t h e  r e l a x a t i o n  rates are  ve ry  similar between 0 . 1  and 

:LOO h r .  

sca t te r  of t h e  d a t a ,  by a t r a n s l a t i o n  p a r a l l e d  t o  t h e  stress a x i s .  

Because of t h e  i r r e g u l a r i t i e s  i n  t h e  c o n t r o l  p o i n t ,  t h e  v a r i a t i o n s  i n  

The s o l i d  l i n e  

The cu rves  f o r  a l l  t h r e e  runs  can be  superimposed,  w i t h i n  t h e  

400 

300 

200 

100 

0 

I 

fa) 450°C 

ORNL-DWG 76- 2492 
I I 1 I I I 

0 0.5 1.0 f.5 0 0.5 f .O 1.5 2.0 

300 

200 

100 

0 
0 0.5 4 .O 1.5 0 0.5 1.0 1.5 2.6 4.0 

STRAIN (70) STRAIN (70) 

Fig .  3. Isochronous S t r e s s - S t r a i n  Curves Obtained from Mul t ip le -  
Loading Re laxa t ion  Tests on Annealed 2 114  C r - 1  Mo S t e e l .  
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TIME (hr )  TIME (hr) 

Fig. 4 .  Relaxation Data Obtained from Multiple-Loading Tests on 
2 1 / 4  Cr-1 Mo Steel at (a) 450"C,  (b) 482"C,  (c) 538OC, and (d) 566°C.  

the stresses are too ,severe to permit meaningful strain rate data over 

much of the time period examined. However, some data for runs 1 and 3 

are provided in Fig. 5(a), and comparison can be made with constant- 
load minimum creep rate data included in the figure. Strain rates from 

run 1 are initially much higher than minimum creep rates, reflecting 
the fact that primary creep dominates the short-time relaxation behavior. 

The high-stress strain rates for run 3 are also greater than minimum 
creep rates at comparable stresses, but eventually the relaxation strain 

rates diminish to values below the minimum creep rates. The implication 

of this result will be discussed later in this document. 

An isochronous relaxation strength curve at 482°C is shown in 

Fig. 3 ( b ) .  Again developed from tests on a single specimen, the curve 

has features similar to the curve for 450°C.  As before, the relaxation 

strength for any time is roughly parallel to the plastic flow stress, 
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SPECIMEN NO 233{: 
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40  

10 40 10-2 lo-' loo 1 0 . ~  10-2 IO-' 100 

STRAIN RATE ( % / h r l  

Fig .  5.  Comparison of S t r a i n  Rates Determined from Re laxa t ion  Tests 
wi th  Minimum Creep  R a t e  Data f o r  Annealed 2 1 / 4  C r - 1  Mo S tee l  a t  ( a )  
450"C, (b)  482"C,  (c )  538"C, and ( d )  566°C. 

w'hich i s  n o t  g r e a t l y  in f luenced  by t h e  r e l a x a t i o n  pe r iod  except  a f t e r  

run  4 ,  a t  t h e  h i g h e s t  s t r a i n ,  where some f low stress i s  recovered .  

Re laxa t ion  curves  f o r  t h i s  tempera ture ,  shown i n  F ig .  4 ( b ) ,  e x h i b i t  

l i t t l e  tendency t o  converge f o r  a t  l eas t  100 h r  and when s t r a i n  ra te  

d a t a ,  c a l c u l a t e d  from smooth r e l a x a t i o n  cu rves ,  are compared wi th  

minimum creep r a t e  d a t a ,  as i n  Fig.  5 ( b ) ,  t h e  d a t a  t r e n d  i s  a g a i n  

s imilar  t o  t h a t  a t  450°C. Again, t h e  s t r a i n  rates i n  r e l a x a t i o n  

g r e a t l y  exceed t h e  minimum c reep  rates a t  t h e  s tar t  of each run  and 

a l r e  s i g n i f i c a n t l y  below t h e  cons tan t - load  creep d a t a  a f t e r  100 h r .  

The i sochronous  r e l a x a t i o n  curve  ob ta ined  from two runs  on t h e  

s a m e  specimen a t  538°C i s  shown i n  F ig .  3 ( c ) .  A t  t h i s  tempera ture  

we see t h a t  t h e  p l a s t i c  f low stress h a s  p a r t i a l l y  recovered  du r ing  

t h e  100-hr r e l a x a t i o n  pe r iod .  Also,  t h e  r e l a x a t i o n  s t r e n g t h  c l e a r l y  

does n o t  para l le l  t h e  f low curve  bu t  might even dec rease  s l i g h t l y  w i t h  

i n c r e a s i n g  s t r a i n .  Re laxa t ion  cu rves ,  p l o t t e d  i n  F ig .  4 ( c ) ,  r e v e a l  a 

f a i r l y  r a p i d  convergence a t  t h e  h igh  stresses, wh i l e ,  when d a t a  are  

r ep resen ted  i n  t e r m s  of s t r a i n  r a t e  v s  stress as i n  F ig .  5 ( c ) ,  t h e  

s t r a i n  rates a r e  q u i t e  c l o s e .  Comparison of c a l c u l a t e d  s t r a i n  rates 

wi th  minimum creep  ra tes  a t  t h e  same stress l e v e l s  r e v e a l s  an  unusual  

t rend .  A s  b e f o r e ,  t h e  r e l a x a t i o n  rates are i n i t i a l l y  g r e a t e r  t han  
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t h e  minimum va lues  f o r  cons tan t - load  tests and drop t o  ra tes  below 

t h e  cons tan t - load  d a t a .  However, as r e l a x a t i o n  con t inues  i t  goes 

through a pe r iod  where t h e  s t r a i n  ra te  is  almost  independent  of  stress, 

and then  dec reas ing  rates are resumed. The n e t  e f f e c t  i s  t o  produce 

s t r a i n  rates t h a t ,  on t h e  average ,  a g r e e  w i t h  minimum c reep  ra te  d a t a .  

The isochronous r e l a x a t i o n  s t r e n g t h  curve  ob ta ined  by t e s t i n g  

specimen 233 a t  566°C is  shown i n  F ig .  3 ( d ) .  Data i n  F ig .  3 (d)  r ep re -  

s e n t  t h r e e  l e v e l s  of s t r a i n :  0 .25,  1 . 4 ,  and 4 % ,  w h i l e  d a t a  (p re sen ted  

l a t e r )  from ano the r  specimen (221) t e s t e d  a t  lower s t r a i n  levels ,  0.11, 

0.24, and 0.66% i n d i c a t e  t h e  same t r end .  The p l a s t i c  f low stress i s  

reduced as a consequence of t h e  100-hr r e l a x a t i o n  p e r i o d ,  t h e  sho r t -  

t i m e  r e l a x a t i o n  (1 and 10  h r )  i s  more r a p i d  i n  t h e  second and t h i r d  

runs ,  and t h e  100-hr r e l a x a t i o n  s t r e n g t h  i s  r e l a t i v e l y  independent  of 

t h e  s t r a i n  level  f o r  s t r a i n s  g r e a t e r  t han  0.2%. Re laxa t ion  cu rves  are 

provided i n  F ig .  4 ( d ) ,  which shows t h a t  t h e  r e l a x a t i o n  s t r e n g t h  i n  t h e  

second and t h i r d  runs  f o r  specimen 221 f a l l s  below t h e  s t r e n g t h  i n  t h e  

f i r s t  run .  S t r a i n  ra te  d a t a  de r ived  from t h e  r e l a x a t i o n  tests i s  com- 

pared wi th  minimum c reep  r a t e  d a t a  i n  F ig .  5 ( d ) .  Here t h e  stress vs 

ra te  cu rves  f o r  t h e  f i r s t  r u n  have a s igmoida l  shape ,  which i s  s imi la r  

t o  t h a t  observed a t  538°C. S t r a i n  rates f o r  t h e  second and t h i r d  

runs  f o r  specimen 221 do n o t  e x h i b i t  t h i s  shape bu t  r a t h e r  appear  t o  

be  w i t h i n  a f a c t o r  of 2 of t h e  minimum c reep  ra te .  The second r u n  f o r  

specimen 233 e x h i b i t s  a f a i r l y  h igh  i n i t i a l  ra te ,  b u t  e v e n t u a l l y  t h e  

d a t a  merge w i t h  d a t a  f o r  specimen 221. 

Several r e l a x a t i o n  tests were performed a t  510"C, a l though  m u l t i p l e  

runs  w e r e  o f t e n  n o t  inc luded .  A series of  r e l a x a t i o n  cu rves  ob ta ined  

from s i n g l e  runs  on d i f f e r e n t  specimens a t  t h i s  tempera ture  i s  shown 

i n  F ig .  6.  I n  s e v e r a l  i n s t a n c e s  t h e  t e s t i n g  approached 1000 h r .  With 

t h e  excep t ion  of t h e  tes t  on specimen 211, which s t a r t e d  nea r  207 ma, 
t h e  curves  tend  t o  converge nea r  500 h r .  S t r a i n  rates c a l c u l a t e d  from 

t h e  r e l a x a t i o n  tests are compared w i t h  minimum c reep  ra te  d a t a  i n  

Fig.  7 ( a ) .  For l a r g e  s t a r t i n g  stresses, t h e  r e l a x a t i o n  s t r a i n  rates 

e x h i b i t  t h e  same s igmoida l  type  of behavior  observed a t  538 and 566°C. 

For lower s t a r t i n g  stresses, t h e  rates are i n i t i a l l y  g r e a t e r  t han  cons t an t -  

l oad  d a t a  b u t  tend toward t h e  minimum creep  ra te  as stresses dec rease .  
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Strain rate data, obtained from reloaded relaxation tests at 

51OoC, are shown in Fig. 7(b). The data follow trends similar to 

data at 4 5 0  and 482°C in the sense that the curves shift upward with 

increased starting stresses and tend to intersect or cross the minimum 

creep rate curve. All relaxation tests are summarized in Table 3. 

Table 3. Summary of Relaxation Data 

Stress, MPa, at Indicated Time in hr Final Final 

(%) 0 0.1 1.0 10 100 1000 ( h r )  ( m a )  

Specimen Temperature 0.2% Yield Strain Time Stress ( “0 ( m a )  

231 

177 

222B 

206 
64 
175 

211 

220 

20 7 
176 

233 

221 

4 50 

482 

510 

510 
510 
510 
510 

566 
510 

510 
538 

566 

645 

566 

180 
240 
270 

148 
214 
24 3 
272 

30 7 
305a 
317 

162 
183 
207 
190 

162 
205 
214 
b 
145 
186 
138 
158 
169 
b 
b 

138 
170 
170 

0.350 
0.735 
1.34 
1.35 
0.34 
0.73 
1.31 
2.08 
2.0 
2.18 
2.28 
2.4 
2.4 

0.25 
0.43 
0.5 
0.56 

0.25 
0.31 
b 
b 
0.3 
0.73 
0.11 
0.24 
0.66 
b 
b 

0.25 
1.4 
4.0 

234 
26 5 
310 
276 
20 7 
241 
276 
310 
24 1 
308 
30 7 
276 
276 

106 
105 
b 

123 
162 
171 
207 
20 7 
207 
190 
207 
207 
340 
b 
204 
228 

138 
172 
20 7 
168 
168 
20 7 
234 
260 

229 
264 
296 
279 
200 
236 
26 1 
290 
233 
30 2 
294 
272 
272 

106 
105 
126 

123 
143 
162 
205 
187 
193 
163 

201 
196 
296 
252 
19 5 
206 
133 
14 5 
151 
10 3 
103 
183 
163 
162 

227 
263 
293 
279 

195 
231 
253 
278 
227 
296 
286 
266 
269 

105 
103 
124 

120 
145 
155 
202 
167 
178 
136 
200 
188 
267 
238 
188 
183 
126 
122 
122 

83 
166 
131 
127 

222 
2 60 
286 
276 

189 
224 
24 3 
26 7 
2 20 
283 
273 
259 
264 

10 2 
100 
116 

117 
141 
140 
189 
141 
155 
107 

181 

241 
220 
169 
163 

112 
100 
98 

64 
134 
101 
98 

210 

276 
267 

181 
208 
232 
250 

252 

96 
94 
106 

109 
119 
115 
171 

132 
81 
170 

172 
137 
129 

54 
72 
78 

62 
74 
73 

72 
87 

81 

100 

100 
50 
220 
140 

150 
110 
100 
180 
50 
24 
24 
24 

500 

600 
1000 
2000 

260 
150 
1000 

1000 

140 
150 

100 
1 
20 
450 
100 
300 

100 
100 
100 

20 
100 
100 
200 

2 2  

0 .  

210 
252 
270 
264 

180 
208 
232 
245 
210 
277 
270 
250 
233 

85 
72 
78 

100 
103 
81 

100 
138 
128 
76 

176 
188 
233 
98 
137 
81 

54 
72 
78 

.5 90 
57 
62 
74 
63 

aAfter 70-hr soak at zero strain. 

bNot recorded. 
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DISCUSSION AND ANALYSIS 

Pugh4 h a s  developed f o r  t h i s  material a c reep  l a w ,  which, when 

combined w i t h  a hardening  r u l e  based on c reep  s t r a i n ,  h a s  made i t  

p o s s i b l e  t o  p r e d i c t  r e l a x a t i o n  behav io r  a t  510°C reasonab ly  w e l l .  

I n  supplementary s t u d i e s ,  Robinson5 h a s  used va r i ab le - load  c reep  d a t a  

t o  demonst ra te  t h a t  recovery  phenomena are act ive a t  510°C and i n f l u e n c e  

subsequent  c reep  behavior  when long  rest p e r i o d s  are in t roduced .  This  

imp l i e s  t h a t  t h e  u s e  of a s t r a i n  hardening  r u l e  could b e  adequa te  f o r  

s i n g l e  r e l a x a t i o n  r u n s  b u t  could  u n d e r p r e d i c t  r e l a x a t i o n  behavior  

f o r  m u l t i p l e  l oad ings .  The d a t a  t h a t  w e  r e p o r t  h e r e  show t h a t  a recovery  

of t h e  p l a s t i c  f low stress occur s  a f t e r  r e l a x a t i o n  p e r i o d s  a t  tempera tures  

as l o w  as 482"C, b u t  on ly  f o r  ve ry  hig,h stresses. The r e l a x a t i o n  r a t e  

d a t a  f o r  t h e  m u l t i p l e  l oad ing  s i t u a t i o n  a t  510°C and above s u g g e s t  

t h a t  t h e  mechanical  behavior  is  d i c t a t e d  by f a c t o r s  more complex t h a n  

t h e  compe t i t i on  of s t r a i n  hardening  and time-dependent recovery .  

M e t a l l u r i g i c a l  f a c t o r s  p l a y  a n  impor tan t  r o l e .  The fo l lowing  d i s c u s s i o n  

o u t l i n e s  some of o u r  c u r r e n t  thoughts  on t h i s  s u b j e c t .  

Both t h e  t e n s i l e  f low and t h e  c reep  s t r e n g t h  of annea led  

2 1 / 4  C r - L  Mo s t ee l  depend p r i m a r i l y  a n  t h e  m i c r o s t r u c t u r e  of t h e  

p r o e u t e c t o i d  f e r r i t e  phase.  

condition:;  t h e  c reep  cu rves  f o r  t h i s  material have n o n c l a s s i c a l  shapes .  

I n s t e a d  of t h e  u s u a l  s i n g l e  pr imary ,  secondary ( o r  minimum c r e e p  r a t e ) ,  

and t e r t i a r y  s t a g e s ,  two "minimum c reep  rate" s t a g e s  are observed.  

The t r a n s - i t i o n  from t h e  f i r s t  (Type I )  t o  t h e  second (Type 11)  i n v o l v e s  

a q u a s i - t e r t i a r y  ( i n c r e a s i n g  c reep  r a t e )  and a quasi-pr imary ( d e c r e a s i n g  

c reep  r a t e )  s t a g e  (F ig .  8) .  The c reep  rate of t h e  f i r s t  "minimum creep  

ratel' s t a g e  is  cons ide rab ly  less than  t h a t  of t h e  second. The f i r s t  

"minimum c reep  rate" s t a g e  i s  exp la ined  i n  terms of t h e  i n t e r a c t i o n  

s o l i d  s o l u t i o n  hardening  mechanism proposed by Bai rd  and Jamieson'  

f o r  Fe-Mo-C a l l o y s .  S t r eng then ing  by i n t e r a c t i o n  s o l i d  s o l u t i o n  hardening  

r e s u l t s  when d i s l o c a t i o n  motion d u r i n g  c reep  i s  r e s t r i c t e d  by t h e  

i n t e r a c t i o n  of molybdenum and carbon atoms o r  atom c l u s t e r s  w i t h  d i s -  

l o c a t i o n s  ( i . e . ,  Mo and C form s t a b l e  u n i t s  t h a t  can i n t e r a c t  w i t h  

d i s l o c a t i o n s  t o  form a tmospheres) .  With t i m e ,  t h e  amount of molybdenum 

Klueh' has  shown t h a t  under c e r t a i n  test 



13 

ORNL-DWG 75- 14712R2 

t z a 
IL 
k cn 
a 
W 
W 
U 
0 

0 
0 

TIME - 
Fig .  8. Schematic Diagrams f o r  Classical (A) and Nonc la s s i ca l  (B) 

Curves of t h e  Type Observed f o r  2 114 C r - 1  Mo Steel .  

and carbon i n  s o l i d  s o l u t i o n  dec reases  u n t i l  t h e  i n t e r a c t i o n  i s  no 

longer  e f f e c t i v e .  

e s t a b l i s h e s  a new "minimum c reep  rate" s t a g e .  I n  t h i s  new s t a g e  t h e  

c reep  ra te  is  c o n t r o l l e d  by e s s e n t i a l l y  a tmosphere-free d i s l o c a t i o n s  

moving i n  t h e  p r e c i p i t a t e  f i e l d  of p r o e u t e c t o i d  f e r r i t e .  

of tempera tures  and stresses where t h i s  n o n c l a s s i c a l  behavior  occur s  

i s  de f ined  i n  Fig.  9 .  C l e a r l y ,  t h e  n o n c l a s s i c a l  zone covers  some 

c o n d i t i o n s  where w e  performed r e l a x a t i o n  tests. 

t i o n  s t r a in  rates t o  c reep  rates, t h e r e f o r e  w e  have used t h e  v a l u e s  

observed i n  t h e  second "minimum c reep  rate" s t a g e .  

A t  t h a t  t i m e  t h e  c reep  rate i n c r e a s e s  and e v e n t u a l l y  

The r ange  

I n  comparing r e l axa -  

It seems l i k e l y  t h a t  t h e  r e l a x a t i o n  p rocess  should  r e f l e c t  some 

of t h e  behavior  p a t t e r n s  observed i n  c reep  tests.  

p r e c i p i t a t i o n  of c a r b i d e s  from t h e  f e r r i t e  is  s l u g g i s h ,  hence t h e  

i n t e r a c t i o n  s o l i d  s o l u t i o n  hardening  phenomenon p e r s i s t s  throughout  t h e  

t e s t i n g  c o n d i t i o n s  employed i n  t h i s  work. The f a c t  t h a t  t h e  r e l a x a t i o n  

s t r a i n  rates d imin i sh  t o  v a l u e s  below t h e  cons tan t - load  c reep  rates 

a t  e q u i v a l e n t  stresses i s  evidence  t h a t  time-dependent recovery  p rocesses  

Below 510°C, t h e  



1 4  

ORNL-DWG 77-1 7545 

600 I 1 
500 

- 400 
m 
a r 
u 

Ln 300 
ln 
w 
pr: 
I- 

200 

100 

0 
4 50 51 0 566 

TEMPERATURE ("C) 
Fig.  9 .  Region of Stress and Temperature Where N o n c l a s s i c a l  Creep 

i s  observed i n  Annealed 2 1 / 4  C r - 1  Mo S t e e l .  

a r e  ex t remely  slow. Hence, t h e  r e l a t i o n  between stress and i n e l a s t i c  

s t r a i n  rate a t  t h e s e  t empera tu res  can probably  be  t r e a t e d  by an approach 

siimilar t o  t h a t  used by H a r t l g  o r  o u t l i n e d  by Krausz and Eyr ing .  

The Hart approach u s e s  t h e  l o g  stress v s  l o g  s t r a i n  ra te  cu rves  f o r  

d i f f e r e n t  "hardness  s t a t e s "  ( i . e . ,  d i f f e r e n t  runs )  t o  develop a master 

curve,  which r e p r e s e n t s  rates over  a broad r ange  of c o n d i t i o n s .  D a t a  

a t  450 and 482°C are n o t  adequate  t o  d e f i n e  t h e  master cu rve ,  a l though  

s imple  t r a n s l a t i o n s  of  t h e  cu rves  i n  l o g  s t r e s s  v s  l o g  rate space  

w i l l  produce co inc idence  w i t h i n  t h e  d a t a  scatter of a s i n g l e  run.  

view of t h e  behav io r  t h a t  i s  observed a t  tempera tures  above 482"C, 

however, i t  i s  r i s k y  t o  expec t  t h a t  t h e  annea led  material w i l l  be 

m e t a l l u r g i c a l l y  s t a b l e  over  prolonged t i m e s  and a f t e r  many r e l o a d i n g s  

at t h e  lower t empera tu res .  That i s ,  w i t h  t h e  t i m e  t h e  molybdenum and 

carbon are  removed from s o l u t i o n  by p r e c i p i t a t i o n ,  and s t r e n g t h e n i n g  

by i n t e r a c t i o n  s o l i d  s o l u t i o n  hardening  ceases .  The l o g  stress vs 

l o g  s t r a i n  rate curves a t  450 and 482°C would then  show, a f t e r  very  

long  t i m e s ,  t h e  s igmoida l  shape observed a t  t h e  h i g h e r  t empera tu res .  

2 0  

I n  



15 

A t  t empera tures  i n  t h e  range 510 t o  566OC, r e l a x a t i o n  t e s t i n g  

a t  h igh  stresses produces a s t r a i n - a c c e l e r a t e d  p r e c i p i t a t i o n  of 

ca rb ides .  Although t h i s  p r e c i p i t a t i o n  could produce a t r a n s i t i o n a l  

i n c r e a s e  i n  s t r e n g t h ,  t h e  d e p l e t i o n  of carbon and molybdenum from 

t h e  p r o e u t e c t o i d  f e r r i t e  matrix minimizes t h e  p o s s i b i l i t y  f o r  long- 

term i n t e r a c t i o n  s o l i d  s o l u t i o n  hardening .  The h i g h e r  tempera tures  

a l s o  promote h ighe r  d i f f u s i o n  ra tes ,  which h a s t e n  t h e  end of t h i s  t ype  

of hardening  r e a c t i o n .  The shape  of t h e  stress vs s t r a i n  ra te  curve  

f o r  t h e  f i r s t  r u n  probably r e f l e c t s  t h i s  m i c r o s t r u c t u r a l  i n s t a b i l i t y .  

I n i t i a l l y ,  t h e  f i r s t - r u n  curves e x h i b i t  t h e  i n t e r a c t i o n  s o l i d  

s o l u t i o n  s t r e n g t h e n i n g  e f f e c t ,  and t h e  lower r e l a x a t i o n  rates r e s u l t  

from t h e  s a m e  p rocesses  t h a t  l e a d  t o  t h e  lower c reep  ra te  f o r  t h e  

f i r s t  "minimum c reep  rate" s t a g e  du r ing  a c reep  tes t .  With t i m e  a t  

t h i s  e l e v a t e d  tempera ture ,  p r e c i p i t a t i o n  lowers  t h e  amount of carbon 

and molybdenum i n  s o l u t i o n ,  and i n t e r a c t i o n  s o l i d  s o l u t i o n  s t r e n g t h e n i n g  

ceases. Even tua l ly ,  t h e  r e l a x a t i o n  r a t e  approaches t h e  minimum creep  

rate curve ,  which i s  c l o s e r  t o  what might b e  cons idered  as normal 

( t h e  ra te  f o r  t h e  second "minimum c reep  rate" s t a g e  i n  t h e  c reep  

curves ')  . 
For 2 1 / 4  C r - 1  Mo s t ee l ,  d i f f e r e n t  h e a t  t r e a t m e n t s  can l e a d  t o  

d i f f e r e n t  r e l a x a t i o n  behav io r .  Klueh h a s  shown t h a t  f o r  a tempered 

b a i n i t i c  m i c r o s t r u c t u r e  ( t h e  same h e a t  of 2 1 / 4  C r - 1  Mo s teel  i n  t h e  

normalized-and-tempered cond i t ion )  t h e r e  i s  cons ide rab ly  less i n t e r -  

a c t i o n  s o l i d  s o l u t i o n  s t r eng then ing .  2 1  Furthermore,  c r e e p  tests 

on 2 1 / 4  C r - 1  Mo s teel  i n  t h i s  c o n d i t i o n  d i sp layed  c lass ica l  c r e e p  

curves .  2 2  

Several r e l a x a t i o n  runs  w e r e  performed a t  566°C us ing  normalized- 

and-tempered material. 

a l l  d a t a ,  i n c l u d i n g  t h a t  from t h e  f i r s t  run ,  c l e a r l y  e x h i b i t  a w e l l -  

behaved t r end .  The r e l a x a t i o n  s t r a i n  rates s h i f t  t o  lower v a l u e s  

a f t e r  each run ,  so  some degree  of s t r a i n  hardening  e x i s t s .  R e l a t i v e  

t o  minimum c reep  ra te  behavior ,  t h e  r e l a x a t i o n  s t r a i n  rates are much 

h ighe r  a t  t h e  beginning  of each r e l a x a t i o n  run .  A t  low stresses t h e  

r e l a x a t i o n  s t r a i n  rates merge w i t h  o r  c r o s s  t h e  minimum c reep  rate. 

R e s u l t s  are p l o t t e d  i n  F igs .  10 and 11 and 
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This type of relaxation strain rate data could be correlated by 

translating the curves in log-log space, as was done by Woodford23 

on a Cr-Mo-V steel. 

CONCLUSIONS 

1. The relaxation strength of annealed 2 1/4 Cr-1 Mo steel under 

multiple loadings parallels the tensile flow curve at 450 and 482°C 

for at least 100 hr. 
2. At 510°C and above the relaxation behavior in the first 

loading suggests that a metallurigical instability exists and is 

manifested by a period during which the relaxation rate is almost 

independent of stress. 

3 .  At 510°C and above the low-stress relaxation strain rates tend 

toward the minimum creep rates, determined from constant-load tests at 

comparable stresses. 
4 .  Normalized and tempered material, tested at 566"C, does not 

exhibit short-time metallurgical instability. Relaxation rates decrease 

normally with decreasing stresses and with accumulated strain. 
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